and prepared in experiment, such as the transition metal dichalchogenides, 4-7 transitionmetal carbides (MXenes), 8, 9 monolayer black phosphorus (BP) (termed phosphorene), 10 etc.
Among them, phosphorene, a single layer of BP arranged in a hexagonal puckered lattice, isolated from the bulk black phosphorus structure, has demonstrated extraordinary properties, including its highly anisotropic effective masses, high electron mobility (> 1000 cm 2 /V·s), a direct band gap of ∼2.0 eV. 10, 11 The band structure and related optoelectronic properties can be modulated through a variety of ways, such as doping, [12] [13] [14] point and line defects, 15 layer-by-layer 16 or hetero-structures mapping, 17, 18 alloys forming, chemical adsorption, 19 strain, 20 and external electric field, 21 broadening its widespreading applications.
These features are complementary to the gapless graphene, suggestive of a great potential in optoelectronic applications, including sensors, modulators, solar cells, and light-emitting diodes (LEDs).
11,22,23
Van der Waals (vdW) heterostructure formed by stacking 2D atomic monolayers, is one of the best approaches to protect the active layers against environmental contamination without affecting their electrical performance, or to modulate the band offsets at the interfaces so as to provide a highly effective means for the manipulation of charge carriers. 24, 25 Vdw hetero-structures can be widely used to enhance the electron-holes separation when used as an excitonic solar cells (XSC). In the XSC, power conversion efficiency (PCE) depends critically on the interface band alignment between donor and acceptor materials. The type-II band alignment between interfaces is a prerequisite to achieve the efficient electron-hole pairs (excitons) separation, which has been achieved in various 2D layered transition metal dichalchogenides-, 26 carbon-or silicon-based heterostructures, 3 etc. Although such phosphorene-based hetero-structures are widely reported in experiment and theory, type-II band alignment heterostructures are extremely scarce, only being BP/MoS 2 , 18, 27, 28 BP/GaAs 29 as well as black−red phosphorus heterostructures. 30 Therefore, desirable type-II phosphorene-based heterostructures preferably with a large built-in potential for driving electrons and holes deserve to be explored in experiment and theory.
TiO 2 possesses normally a wide band gap and excellent electrical conductance, and has been widely used as a promising photocatalysis and photovoltaic materials, [31] [32] [33] due to the fact that the generated photoexcited electrons (PEs) can either be readily channeled to create electricity directly in solar cells or be used to drive water splitting for hydrogen production. However, the large energy gap of pristine TiO 2 (3.0 eV for rutile and 3.2 eV for anatase) limits its actual efficiency to generate photoexcited electrons and the subsequential dissociation of excitons. With these above factors in mind, interfacing wide-band-gap TiO 2
with phosphorene may offer a straightforward approach to overcome these shortcomings in light absorption, so as to increase the light absorption efficiency via harvesting solar spectrum in a wider frequency range, and also to enhance the exciton separation efficiency due to intrinsic conduction band offsets in the region of interfaces. Layered BP interfaced with The charge-transfer complex formed at interfaces is also expected to mediate photocatalytic activities under visible light. To confirm this effect, the independent particle absorbance spectrums of 1L-BP/TiO 2 (110) and TiO 2 (110) substrate are calculated with the random phase approximation (DFT-RPA) due to the large supercell, as shown in Figure 2d .
The optical absorption for pure TiO 2 mainly occurs in the visible light and UV region with an energy larger than 2.5 eV, which is attributed to the intrinsic transition from the O−2p orbital to Ti−3d orbital. Upon formation of an interface, the optical absorption edges extend to the low-energy range, displaying the obvious enhancement of photoactivity under the visible and near-infrared light irradiation. In high-energy region (> 2.5 eV), 1L-BP/TiO 2 (110) also display better light absorption performance than that of TiO 2 substrate. Generally, over the entire sunlight spectrum, the light absorption activity has an enhancement in the whole region (< 4eV), and especially the presence of considerable visible response are located at the infrared and near-infrared light region. The similar enhanced photoactivities are also found in the case of a Al-and Cl-doped interfaces. The absorbance from low to high exhibits the following order: Al@1L-BP/TiO 2 > 1L-BP/TiO 2 > Cl@1L-BP/TiO 2 .
It is known that the functional parametrized by the Perdew, Burke, and Ernzerhof (PBE) 37 usually underestimates the band gap and is unable to describe the reduced charge screening and the enhanced electron-electron correlation. The GW and HSE06 38,39 calculations are used to correct PBE band gaps of phosphorene and TiO 2 (110). As shown in Table 1 , for phosphorene, the G 0 W 0 band gap is closer to the experimental value (2.2 eV).
As for the Al-and Cl-doped cases, their enlarged quasi-particle band gaps are 2. Figure 3a . This combined scheme utilizing the optical CBM of the donor and the HSE06 VBM of the acceptor takes into account the minimum energy of the exciton formed after photoabsorption in the donor materials, as well as the electronic quasiparticle level for the transfer of a photoexcited electron to the acceptor. The ∆E C values derived at this combined level of theory (BSE ∆E C ) are shown in Figure 3b , which yields the same qualitative trends as the PBE results concerning the type-II band alignment.
The light absorbance based on GW plus random phase approximation (GW+RPA) (without electron-hole interaction but including self-energy effects at the GW level) and plus BSE (GW+BSE) (without electron-hole interaction) is shown in Figure 4 . We focus in this com- As shown in Figure 4c , Al@1L-BP has an optical gap of 1.64 eV, 0.38 eV larger than that of pure phosphorene, and almost the same to Cl@1L-BP (1.62 eV). An absorbance upper limit of A(ω) ≈ 19.5 % can be reached for these doping cases with only a small portion of drops compared to perfect phosphorene along the armchair direction. Although doped phosphorene layers require much more energies to achieve the optical excitation due to the enlarged optical gaps, their optical CBMs are even higher than the CBM of TiO 2 (110) (Figure 3a) , leading to the larger optical BSE ∆E C of 1.11 and 1.02 eV for Al-and Cldoped phosphorene, respectively, and thus holding a larger built-in potential to drive exciton separation. These above features can also be quantified by the absorbed photon flux J abs , which can be accessed based on the following equation:
where A is the light absorbance (see in Supporting Information), J ph (E) is the incident photon flux (units of photons/cm 2 ·s·eV), and E is the photon energy. The J abs of three interfaces are listed in Table 2 , which is expressed as the equivalent short-circuit electrical current density (units of mA/cm 2 ) in the ideal system when every photon is converted to a carrier extracted in a solar cell, so that J abs represents the upper limit for the contribution of the donor material to the short-circuit current in a solar cell. 26 The J abs for the incident light polarized along the x (armchair) direction is larger than along zigzag direction by 1.5−2.6 mA/cm 2 in phosphorene layers, indicating the anisotropy of light absorption. The J abs of Al@1L-BP along two directions are larger than that in pure phosphorene, while the J abs GaAs or Si PV devices with PCEs more than 20 %, thicker multilayer stacking (50-100 nm thick) in a bulk heterojunction manner 56,57 could be carried out to maximize the interface area and PCEs, which may improve the PCE by a factor of dozens of times compared to that in GaAs (see in Table 2 ).
In summary, we have systemically investigated the electronic and optical properties of 
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Methods, simulation Details, and the PDOS of Al@1L-BP/TiO 2 (110) and Cl@1L-BP/TiO 2 (110).
This material is available free of charge via the Internet at http://pubs.acs.org/. a J abs quantifies the flux of absorbed photons, converted to units of equivalent electrical current. The same quantities are also shown for 1 nm thick representative bulk materials in ultrathin PV, taken from the literature.
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Novel excitonic solar cells (XSCs) based on pure phosphorene and doped monolayers interfaced with TiO 2 are proposed. These heterostructures show type-II band alignment and enhanced light absorbance. Doping in phosphorene has a tunability on built-in potential, charge transfer, light absorbance, which helps to optimize the light absorption efficiency of phosphorene. These heterostructures used as active layers in a XSC can attain high power conversion efficiencies and ultrahigh power densities, comparable with MoS 2 /WS 2 XSC at atomistic thickness, and dozens of times higher than convectional solar cells. Ultrafast electron transfer of 6.1−10.8 fs, and slow electron−hole recombination of 0.58−1.08 ps, further guaranteeing the practical power conversion efficiencies in XSC
